The function of mitochondrial Adh3 in the thermotolerant yeast Kluyveromyces marxianus was investigated. An ADH3-disrupted mutant exhibited growth retardation on non-fermentable carbon sources, except for ethanol, and this was suppressed by supplementation with antioxidants. Detailed analysis of the phenotype revealed that the mutant showed an increase in the activity of NADH dehydrogenase, sensitivity to H 2 O 2 , and accumulation of reactive oxygen species (ROS), and that these carbon sources increased the activity of succinate dehydrogenase. The increase in both activities may reflect enhanced expression of both dehydrogenases by elevation of their substrate levels. The ROS level became low when antioxidants were added. These findings suggest that the ADH3 mutation and such carbon sources cause an elevation of the substrate level of the respiratory chain and eventually of the ROS level via increased expression of primary dehydrogenases, which in turn causes cell growth retardation. Adh3 might thus play a crucial role in the control of the NADH/NAD þ balance in mitochondria.
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Key words: Kluyveromyces marxianus; alcohol dehydrogenase; mitochondrial metabolism; NADH/NAD þ balance; respiratory chain Alcohol dehydrogenase (Adh) is an enzyme that catalyzes the production and assimilation of alcohols and is ubiquitously distributed in most organisms. A number of ADH genes and their products from various yeasts have been characterized to date. [1] [2] [3] [4] They similarly possess two Adhs located in the mitochondria, but little is known about their physiological functions in the compartments.
Adhs in Saccharomyces cerevisiae have been the most extensively studied, and of its seven Adhs, at least two isozymes are located in mitochondria. 1) In Kluyveromyces lactis, unlike other known Adhs, two mitochondrial isoforms, KlAdh3 and KlAdh4, can utilize NADPH in addition to NADH, and are hence assumed to be involved in the maintenance of the redox balance of both cofactors. 5) It has been suggested that mitochondrial Adhs in S. cerevisiae and K. lactis constitute an ethanolacetaldehyde shuttle between mitochondrial membranes, and are responsible for maintaining the mitochondrial and cytosolic NAD(P)H redox balance, to which external (Nde1 and Nde2) or internal (Ndi1) mitochondrial dehydrogenases are also assumed to contribute. [6] [7] [8] [9] Saliola et al. reported that individual ADH-disrupted mutants for four KlAdhs displayed no clear phenotype, 10) and suggested that KlAdh3 contributes to the reoxidation of cytosolic NAD(P)H feeding of the respiratory chain via Ndi1, on the basis of an analysis of allyl alcoholresistant mutants from a K. lactis strain harboring KlADH3 but lacking three other ADH genes.
11) They also reported that the expression level of KlADH3 was low in a mutant of KlSDH1 encoding for the flavoprotein subunit of succinate dehydrogenase.
11)
K. marxianus is closely related to K. lactis but possesses several specific characteristics, including thermotolerance and a short generation time. 12) At least four Adhs are present in K. marxianus.
4) Cytoplasmic KmAdh1 and KmAdh2 might be responsible for the production of ethanol during glucose fermentation, but the physiological roles of mitochondrial KmAdh3 and KmAdh4 remain to be elucidated. KmADH3 is expressed in the presence of respiratory carbon sources, including glycerol. 4) In contrast, the expression level of KmADH4 is high in the presence of ethanol but low in the presence of glycerol. The expression levels of both genes are very low in glucose medium. Since two Adhs were conserved in the mitochondria in all the yeasts examined and appear to be under specific regulation depending on the carbon source, they are thought to make distinctive crucial contributions to mitochondrial metabolism.
In this paper, we provide for the first time evidence of the physiological function of KmAdh3 in the mitochondria of K. marxianus, a novel one in yeasts because no clear phenotype was observed in KlADH3 mutation and no study of non-fermentable carbon sources has been reported in the ScADH3 mutation. We constructed a disrupted mutant of KmADH3 and examined its effects on cell growth on different carbon sources, respiratory activity, and the level of reactive oxygen species (ROS). The mutation had apparently pleiotropic effects: an inability to grow on non-fermentable carbon sources except for ethanol, an increase in the activity of NADH y To whom correspondence should be addressed. Tel: +81-83-933-5869; Fax: +81-83-933-5820; E-mail: m-yamada@yamaguchi-u.ac.jp dehydrogenase, and elevation of ROS. On the basis of these effects, we concluded that KmAdh3 plays a crucial role in the maintenance of the NADH level in the mitochondria by the ethanol-acetaldehyde shuttle in a situation in which metabolic flow tends to produce excess NADH, as in the supply of succinate. In contrast, KmAdh4 is hardly expressed under such conditions. KmAdh4 might be involved in ethanol degradation when ethanol accumulates in the mitochondria.
Materials and Methods
Materials. Restriction enzymes and T4 DNA ligase were purchased from Takara Bio (Otsu, Japan). Oligonucleotide primers were synthesized by Proligo Japan (Tokyo). All other chemicals were all of analytical grade.
Strains, media, and culture conditions. The K. marxianus strains used in this work were DMKU3-1042 13) and DMKU3-1042/Kmadh3::loxPkanMX4-loxP. They were grown in YP (1% yeast extract and 2% peptone) or synthetic medium (S) (0.67% yeast nitrogen base) supplemented with various carbon sources: YPD and SD with 2% glucose; YPG and SG with 3% glycerol; YPE and SE with 2% ethanol; YPSuc and SSuc3 with 3% succinate; SAc3 with 3% acetate; SL with 3% lactate; SGal with 2% galactose; SLac with 2% lactose; SMan with 2% mannose; SSuc0.3 with 0.3% succinate; and SAc0.3 with 0.3% acetate. When required, ascorbate (18 mM), cysteine (5 mM), or dithiothreitol (DTT) (5 mM) was added to the SSuc3 medium. Escherichia coli strain DH5 (supE44 ÁlacU169 ('80 lacZÁM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1) was used, as described previously. 4) When required, geneticin (G418) (150 mg/ml), amplicillin (50 mg/ml), and kanamycin (25 mg/ml) were added. The glucose and ethanol concentrations were determined as described previously. 4) DNA manipulation. DNA manipulation was performed by standard procedures. 14) Yeast transformation was performed by the lithium/ acetate method. 15) To construct a KmADH3-disrupted mutant, KmADH3-containing T-easy vector (pT-KmADH3) 4) was used. loxPkanMX4-loxP DNA fragments, which were amplified from pUG6 16) with primers, KanMX-KpnI5 0 : 5 0 -GATGGTACCCAGCTGAAGC-TTCGTACGC-3 0 and KanMX-KpnI3 0 : 5 0 -CATGGTACCGCATA-GGCCACTAGTGGATCTG-3 0 , were inserted into the KpnI site of pT-KmADH3 and then transformed into E. coli DH5. The purified plasmid DNA from E. coli was digested with EcoRI, and the resulting KmADH3::loxP-kanMX4-loxP fragments were introduced into K. marxianus cells to generate a KmADH3-disrupted mutant. KmADH3 disruption was confirmed by PCR with primers, ADH3F: 5 0 -TAG-GATCCTAAGGAGGTCAACAATGCTTAGATTAACTAAC-3 0 and ADH3R: 5 0 -ATAAGCTTTTATCACCCTTATTTTTCAGTGT-3 0 . RT-PCR analysis was performed as described previously. 4, 17) The primers used for KmNDI1, KmNDE1, KmGUT2, and KmACT1 were KmNDI1-5:
0 -AAGGGGACTAAACGTGGCAT-3 0 and KmGUT2-3: 5 0 -TCTACCGCAACAGCACCTTC-3 0 , and KmACT1-5: 5 0 -ACGTTG-TTCCAATCTACGCC-3 0 and KmACT1-3: 5 0 -AGAAGATGGAGCC-AAAGCAG-3 0 respectively. The relative amounts of RT-PCR products on the gel were compared by measuring band density after the color of the image obtained was reversed using a model GS-700 imaging densitometer (Bio-Rad).
18)
Western blot analysis. Cells grown in YPD medium were inoculated into a YPD, YPG, or YPE medium, and cultivation was continued at 30 C for 6 h. Cell extract preparation and Western blot analysis were performed as described previously, 19) with an antibody against a peptide of KmAdh3 (KLAKQLGAEAFVD at positions 236-248), which was produced from a rabbit.
Preparation of membrane fractions, enzyme assay, and absorption spectrum. The cells grown in YPD medium were transferred to SD, SSuc3, SAc3, or SL medium and incubated at 30 C for 24 h. Cells were harvested by centrifugation (5,000 rpm) for 5 min at 4 C, washed twice with 10 mM potassium phosphate buffer, pH 7.0, and disrupted by passing them twice through a French press at 16,000 psi, followed by centrifugation at 50;000 g for 90 min. The pellets were then homogenized with the same buffer (final protein concentration, 5 mg/ml). As for the membrane fractions, assays of NADH dehydrogenase, succinate dehydrogenase, ubiquinol oxidase, and NADH oxidase, recording of low-temperature reduced-minus-oxidized difference spectrum, and determination of protein amount were performed as described previously. 19, 20) Halo assay. Sensitivity to H 2 O 2 was examined by a modification of the method of Haarer and Amberg. 21) Cells grown in YPD medium were transferred to SSuc3 or SD medium, grown for 2 d, mixed with an equal volume of 1% agar, and layered onto plates of the same medium with and without 18 mM ascorbate. Filter paper disks were placed on top of the overlay, and 10 ml of 1, 2, 5, or 10% H 2 O 2 was applied to each disk. The cells were then incubated at 30 C for 2 d. Clear areas surrounding each disk represented inhibition of cell growth due to H 2 O 2 diffusion from the disk, and the sizes of these ''halos'' was dependent on the sensitivity of the strain to H 2 O 2 . In each assay, Kmadh3 and wild-type strains were spread at the same density and were grown for identical times. Relative halo size was determined by dividing the size of the mutant halo by the size of the wild-type halo determined in parallel with the same H 2 O 2 concentration.
Measurement of intracellular ROS level. An oxidation-sensitive probe, dichlorodihydrofluorescein diacetate (H 2 DCFDA), was used to measure the intracellular ROS level. 22) Cells were grown in SD or SSuc3 medium with and without 18 mM ascorbate for 24 h. Cells were then harvested and washed 3 times with 10 mM potassium phosphate buffer (pH 6.8), and were incubated for 2 h in the same buffer with 10 mM H 2 DCFDA. They were then washed, resuspended in the same buffer, and subjected to either observation of cell morphology or measurement of fluorescent intensity after disruption by sonication and removal of cell debris. The fluorescent intensity was measured using a Hitachi 650-10S Fluorescence spectrophotometer (excitation, 504 nm; emission, 524 nm). Emission values were normalized by protein concentration.
Statistics. Unless otherwise indicated, mean and SD values calculated from at least three independent experiments are presented. The variations between experiments were estimated by SD, and the statistical significance of changes was estimated by two-sample t-test assuming equal variances.
ÃÃÃ , ÃÃ , and Ã mean p < 0:001, p < 0:01, and p < 0:05 respectively.
Results
Growth phenotype of a KmADH3-disrupted mutant on non-fermentable carbon sources A KmADH3-disrupted mutant was constructed to clarify the physiological function of KmAdh3. The mutation was confirmed by amplification of the disrupted region by PCR with primers specific for KmADH3, and also by Western blot analysis with an antibody against a KmAdh3 peptide (Fig. 1A and B) .
The abilities of Kmadh3 and parental strains to grow in synthetic media supplemented with various carbon sources were compared. On plates of YPD medium, Kmadh3 showed almost the same growth as that of the parent. Similar results were also found when it was grown on synthetic media supplemented with fermentable carbon sources of galactose, mannose, or lactose (Fig. 1C) . A comparison of the profiles of glucose consumption and ethanol production in the culture supernatants revealed that there was no significant difference between the two strains during growth in YPD medium (data not shown). These results strongly suggest that KmAdh3 is not essential for ethanol fermentation from glucose. On the other hand, the growth of the mutant was dramatically reduced when it was grown on plates containing 3% non-fermentable carbon sources (Fig. 1C) . The reduction in growth in ethanol was relatively weak, presumably due to compensation by KmAdh4 expressed in the presence of ethanol, as reported previously. 4) KmAdh4 might play a role in reducing the mitochondrial NADH level via the ethanol-acetaldehyde shuttle in the absence of KmAdh3 (see Fig. 5 ). Almost no growth was detected in the presence of 3% succinate or 3% acetate, but growth was found to have recovered as the carbon source concentration in medium was decreased (Fig. 1D) . Similar growth defects were observed in citrate, isocitrate and malate media.
Effects of the KmADH3 mutation on activity and expression of primary dehydrogenases
The finding of strong repression of growth in succinate medium prompted us to examine the effects of the KmADH3 mutation on the activities of the mitochondrial respiratory chain. Assays were performed with membrane fractions from cells grown in SD, SSuc3, SAc3, and SL media (Table 1 ). In the SD medium, the NADH dehydrogenase activity of Kmadh3 was about 3 times higher than that of the wild-type strain, but there was no significant difference in succinate dehydrogenase activity between the Kmadh3 and parental strains. Similarly, NADH oxidase activity was also higher in the mutant. In the SSuc3, SAc3, and SL media, the NADH dehydrogenase activity of Kmadh3 was 1.5-3.0 times higher than that of the parental strain. Notably, in the SSuc3 medium, succinate dehydrogenase activity was significantly high as compared to that in the SD medium in both strains, suggesting the induction of genes for succinate dehydrogenase by succinate. Similarly, a high level of succinate dehydrogenase activity was observed in SAc3 medium and in SL medium.
On the other hand, the ubiquinol oxidase activity, which reflects downstream respiratory activity following primary dehydrogenases, in the SD medium was similar in the two strains, whereas in SSuc3 medium the activity from Kmadh3 was lower than that from the parent. The contrary results that NADH oxidase activity was increased by the KmADH3 mutation while ubiquinol oxidase was largely decreased in SSuc3 medium suggest that the expression level of NADH dehydrogenase was higher in Kmadh3. Consistently, low-temperature reduced-minus-oxidized difference spectra revealed that the amount of cytochrome components was lower in Kmadh3 than in the parent in the SSuc3 medium, and was similar in the two strains in the SD medium ( Fig. 2A) .
The deletion mutation of KmADH3 caused an increase in NADH dehydrogenase activity, with almost no influence on or reduction in content of the cytochromes in glucose and the succinate medium respectively. Hence we examined the levels of transcripts of genes for the NADH dehydrogenases, KmNdi1 and KmNde1, which are located on the internal and external sides respectively, of the mitochondrial inner membrane, and the genes for other dehydrogenases, KmAdh4 of alcohol dehydro- 
KmADH3 disruption was confirmed by PCR (A) and Western blot analysis (B). C, D, and E, Cells of
Kmadh3 and the wild-type (WT) strains were grown in YPD medium to about 10 7 cells/ml, aliquots of 10-fold culture dilutions of cells were spotted onto agar plates containing synthetic medium supplemented with 2% glucose (SD), 3% glycerol (SG), 2% ethanol (SE), 3% succinate (SSuc3), 3% acetate (SAc3), 3% lactate (SL), 2% galactose (SGal), 2% lactose (SLac), 2% mannose (SMan), 0.3% succinate (SSuc0.3), and 0.3% acetate (SAc0.3) as carbon sources, and were grown at 30 C or 45 C for 3 d. In the SSuc3 medium supplemented with antioxidants, 18 mM ascorbate, 5 mM cysteine, or 5 mM DTT was applied. Other details are described in ''Materials and Methods. '' genase and KmGut2 of the mitochondrial glycerol-3-phosphate dehydrogenase gene as a control, in addition to the gene for KmAct1, actin. The examination was performed by RT-PCR with total RNA from Kmadh3 and wild-type cells grown in SSuc3 or SD medium. As shown in Fig. 2B , comparison of the intensities of RT-PCR products of KmACT1 at various PCR cycles revealed that in the SSuc3 medium, the intensity of KmNDI1 in Kmadh3 was about 2 times higher than in the wild-type strain, and the other genes tested showed nearly the same intensity for the two strains. In the SD medium, no significant difference in the expression of any gene tested between the two strains was observed. Notably, bands for KmADH4 were detected in glucose medium but not in succinate medium, indicating that KmADH4 is not expressed in the latter. Taken together, the results suggest that the KmADH3 mutation leads to the induction of expression of KmNDI1 and to increases in NADH dehydrogenase activity.
Enhanced production of ROS by the KmADH3-disrupted mutation
The KmADH3-disrupted mutant exhibited a growthdefective phenotype, and the mutation caused an elevation of NADH dehydrogenase activity in succinate, acetate, and lactate media. Additionally, succinate dehydrogenase activity was relatively high on such non-fermentable carbon sources. Hence we tried to find the link between the defective growth phenotype and the elevation of primary dehydrogenase activity. We assumed that elevated primary dehydrogenase activity feeds an excess amount of electrons to the remaining respiratory chain, the components of which might be almost constant or reduced by the mutation, and causes a leakage of electrons to generate ROS, which might be responsible for the retardation of cell growth. To test this assumption, we first tested the sensitivity to H 2 O 2 of Kmadh3 and its parental strains (Fig. 3) . The halo areas of Kmadh3 at all the H 2 O 2 concentrations tested were larger than those of the parent. We also performed similar experiments in glucose medium, and the results showed no significant difference between the two strains. This result suggests that Kmadh3 is hypersensitive to H 2 O 2 stress in succinate medium.
The high sensitivity to H 2 O 2 of Kmadh3 promoted us to examine the possibility that the mutant bears elevated levels of ROS. In order to compare ROS levels in the Kmadh3 and parental strains, we incubated cells with H 2 DCFDA, which enters cells and becomes fluorescent as it is oxidized by intracellular oxidants. Both strains were grown for 24 h in SSuc3 medium, and then H 2 DCFDA was added for an additional 2-h incubation. Figure 4A shows H 2 DCFDA staining of one field of cells of the two strains. A comparison of relative fluorescence revealed that the Kmadh3 mutant produced more ROS than did the parental strain, and that the ROS level was reduced by the addition of ascorbate (Fig. 4B) . In the SD medium, however, no significant difference was found in ROS level in the two strains. These results indicate that loss of KmAdh3 activity results in a high level of ROS in cells grown in succinate medium, which appears to be consistent with hypersensitivity to oxidative stress in these cells. These results tempt us to speculate that enhanced production of ROS prevents the cell growth of Kmadh3 on succinate.
Suppression of the growth-defective phenotype of the KmADH3-disrupted mutant by the addition of antioxidants
To confirm further the linkage between the growthdefective phenotype and the enhanced production of ROS in Kmadh3, the effect of ascorbate as an ROS scavenger was examined. The addition of ascorbate resulted in recovery of cell growth in the SSuc3 medium (Fig. 4C) , and also reduced the sensitivity of cells to H 2 O 2 at various concentrations (Fig. 4D) . The addition of ascorbate clearly reduced the fluorescent level when experiments with H 2 DCFDA similar to those for which the results are shown in Fig. 3 were performed. Moreover, recovery of cell growth was also observed in the SSuc3 agar plate supplemented with ascorbate, and also with other antioxidants, cysteine and DTT (Fig. 1E) .
It is noteworthy that at a high temperature, 45 C, an ill-growth phenotype on succinate was observed in the wild-type strain as well as in the mutant strain (Fig. 1C) and that, consistently, its ROS level was significantly higher than on glucose (Fig. 4B) . The ROS level appears to increase as the temperature rises.
Taken together, the results suggest that the ROS generated are responsible for prevention of cell growth. This was obvious in the Kmadh3 mutant on nonfermentable carbon sources, except for ethanol, and in the wild type on succinate at a high temperature. A halo assay was performed to compare the sensitivity of Kmadh3 to H 2 O 2 with that of the WT. H 2 O 2 was added at various concentrations to the filter disk after the disk had been placed on the top of the plates, in which cells grown for 48 h in SSuc3 or SD medium were mixed with an equal volume of 1% agar and layered onto the same medium plates, as described in ''Materials and Methods.'' The plates were then incubated at 30 C for 2 d. A halo was observed as a clear zone around the disk (A). Relative halo size was determined by dividing the size of the mutant halo by the size of the wild type in parallel at the same H 2 O 2 concentration (B). Bars represent the mean AE S.E. for eight independent experiments. p-values were calculated by two-sample t-test assuming equal variances.
Discussion
In this study, we examined the effects of disruption of the KmADH3 gene to decipher its physiological function in mitochondrial metabolism. The mutant strain exhibited a phenotype of defective growth on non-fermentable carbon sources, except for ethanol. Successive experiments revealed that the mutant was hypersensitive to oxidative stress and accumulated ROS at a level higher than that of the parental strain. Its inability to grow on non-fermentable carbon sources might be due to the accumulation of ROS over the tolerance level of the organism. Growth, however, recovered as the carbon source concentration was decreased (Fig. 1D) , probably due to a lower accumulation of ROS in the mitochondria. Similarly, yeast mutants lacking vacuolar protontranslocating ATPase subunits that are sensitive to oxidative stress are unable to grow at typical concen- A, ROS accumulation and B, its level in cells. Kmadh3 and the wild-type (WT) strains were grown in SD or SSuc3 medium with and without 18 mM ascorbate for 24 h. Cell suspensions were prepared, and the oxidant sensitive probe H 2 DCFDA was added to determine the intracellular levels of ROS, as described in ''Materials and Methods.'' C, The effects of ascorbate (18 mM) on growth, and D, the sensitivity of Kmadh3 to H 2 O 2 were examined, as described in Fig. 3 . Bars represent the mean AE S.E. for eight independent experiments. p-values were calculated by two-sample t-test assuming equal variances. Abbreviations: Adh, alcohol dehydrogenase; bc 1 , bc 1 complex; Cox, cytochrome c oxidase; Gpd, soluble glycerol-3-phosphate dehydrogenase; Gut2, membrane-bound glycerol-3-phosphate dehydrogenase; Nde, external NADH dehydrogenase; Ndi1, internal NADH dehydrogenase; Q, ubiquinone; G3P, glycerol-3-phosphate; DHAP, dihydroxy acetone phosphate; ROS, reactive oxygen species trations of non-fermentable carbon sources, but do grow at lower concentrations. 23) Since ROS are produced mostly as side products of respiration, 24) it is assumed that the KmADH3 mutation somehow influences the respiratory chain. Consistently with this assumption, Kmadh3 showed increases in NADH dehydrogenase activity and decreases in ubiquinol oxidase activity and cytochrome contents, and also increased in the expression of KmNDI1. In addition, acetate and lactate as well as succinate caused an elevation in succinate dehydrogenase activity in K. marxianus. These results suggest that the mutation leads to induction of KmNDI1, resulting in an increase in NADH dehydrogenase activity, and that succinate also increases succinate dehydrogeanse activity. Notably, increased expression of ScNDI1 due to the introduction of its plasmid clone has been reported to cause an elevation in the ROS level, 25) and succinate dehydrogenase has been identified as the site of ROS production in mitochondria, 26) in addition to external mitochondrial NADH dehydrogenases 27) and coenzyme Q 28) in S. cerevisiae mitochondria. Therefore, it is possible that a relative increase in primary dehydrogenase activities with respect to the remaining respiratory components enhances the leakage of electrons to oxygen, resulting in an over-accumulation of ROS in Kmadh3.
There is no evidence to explain the increase in NADH dehydrogenase activity in Kmadh3. It is, however, possible that excess amounts of succinate, acetate, and lactate direct elevation in the mitochondrial NADH level to alter the NADH/NAD þ balance, 6) which acts as a trigger inducing the expression of KmNDI1. In such a situation, KmAdh3 might contribute to the maintenance of the balance by forming ethanol with conversion of NADH to NAD þ . Notably, KmADH3 is expressed on non-fermentable carbon sources and thus is also controlled by the NADH/NAD þ balance. Since KmADH4 induced by ethanol is silent on other non-fermentable carbon sources, ethanol produced by KmAdh3 is efficiently exported by the ethanol-acetaldehyde shuttle, as proposed for S. cerevisiae, 8) to maintain a low level of ethanol in the mitochondrial matrix (Fig. 5) .
In conclusion, the KmADH3 mutation affects NADH oxidation by the ethanol-acetaldehyde shuttle (Fig. 5) when it is grown in SAc3, SSuc3, or SL medium. The NADH produced in the TCA cycle is thus mainly oxidized by KmNdi1, NADH dehydrogenase. The level of NADH dehydrogenase is thus increased by induction, probably via elevated NADH. Additionally, the succinate level might be increased to induce the production of succinate dehydrogenase in these media. Therefore, the increase in the activities of NADH and succinate dehydrogenases might lead to elevated ROS production (Fig. 5) , which in turn causes inhibition of cell growth.
